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Abstract—We demonstrate a method which can directly 
evaluate the radio frequency transfer quality via fiber links at the 
remote site. Coherent signals are first transferred to the same 
remote site via two stabilized fiber links. The two signals at the 
remote site are compared with each other. The relative phase 
difference can represent transfer stability loss. This evaluation 
method at the remote site has been compared with the traditional 
one with which the signal is evaluated at the local site. The two 
results match perfectly. It indicates that the method is available to 
evaluate the transfer performance of radio frequency (RF) 
dissemination in such applications as antenna array systems.  
 
Index Terms—Optical fiber link, radio frequency dissemination, 
antenna array systems. 
I. INTRODUCTION 
REQUENCY signals can be disseminated over the optical 
fiber, which benefits modern science and practical 
applications, such as the comparison of optical clocks, 
fundamental physics measurement and antenna arrays [1-4]. 
Fiber links always suffer from phase noise caused from 
temperature fluctuation and mechanical vibration [5]. 
Therefore, it is necessary to evaluate the frequency transfer 
quality via fiber links. In the previous experiments [5-9], the 
signal at the remote site has to be compared with the reference 
signal at the local site to evaluate the performance of the 
transfer system.  
More and more multi-antenna systems are constructed for 
space navigation and tracking, such as NASA Deep Space 
Communications Complex (DSCC) [10] and Square Kilometer 
Array (SKA) project [11]. Precise and highly coherent 
frequency signals need to be delivered stably from the signal 
processing center to all the remote antennas through fiber links 
for multiple astronomy observation missions [12]. In Square 
Kilometer Array (SKA) project, complex fiber networks which 
link the signal processing center and antenna arrays sites are 
being built [13]. High-precision and coherent frequency signal 
will be transferred to the antenna arrays site via networks. With 
some real-time tasks undertaken such as real-time imaging, 
transfer quality from the central station to each antenna also 
needs to be evaluated in real time [11]. Multi-antenna systems 
such as SKA need to transmit and process vast amounts of data, 
occupying vast transportation network and consuming 
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immense computing power and large storage space. When the 
frequency signal at the antenna array side is not stable enough, 
data transmission is unnecessary. The traditional method, with 
which the frequency signal is evaluated at the local site, means 
that the signal has to be transferred back to the local site for 
evaluation. And the round-trip time delay will cause the large 
waste of the relevant resource. If we evaluate the transfer 
performance directly at the antenna array side, backward 
transfer delay is removed and we will control the data 
transmission in real time. Therefore, it is necessary to find an 
effective way to evaluate the transfer performance directly at 
the antenna array side.  
Compared with the experiment in this paper, the previous 
experiment demonstrated an antiparallel configuration to 
evaluate the performance of optical carrier frequency 
dissemination system [14]. But it is not fit for RF transfer 
between the signal processing center and the antenna array side 
for following reasons. When we use the similar method, an 
ultrastable radio frequency standard is needed as the reference 
of the counter. Besides, if the timing jitter reaches the order of 
magnitude of 10-15[15], it is difficult for the commercial 
frequency counters to satisfy our demands. Moreover, the 
antiparallel configuration requires the existence of the 
frequency standard at the both sites, however the standard only 
exists at the signal processing center in SKA. In this case, the 
antiparallel configuration is not suitable. 
 In this paper, we demonstrate a method to solve the problem 
which is proposed above.  
II. THEORY AND PRINCIPLES 
In Fig.1 (a), it shows a traditional way to evaluate the 
performance of radio frequency transfer. At the local site, the 
frequency signal is injected into the fiber. When the signal 
reaches the remote site, one part is retro-reflected to the local 
site for compensating the phase fluctuation induced by the 
environment in the fiber link, while the rest is detected at the 
remote site. In order to evaluate the transfer quality, the signal 
transferred is compared with the reference source at the local 
site. In other words, the remote site and the local site have to be 
located at the same place.  
In Fig.1 (b), a method that can evaluate the transfer 
performance directly at the remote site is illustrated. Coherent 
frequency signals at the local site are disseminated to the 
remote site via two different fiber links, and the two fiber links 
are stabilized respectively according to the compensation 
module. At the remote site, two signals are detected and are 
compared to get the beat note. With this link configuration, the 
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uncertainty of the frequency source is cancelled, and the phase 
noise of both fibers is mixed. Hence, an upper limit for the 
residual instability of the disseminated RF signal is acquired. 
The upper limit can be used to evaluate the relative transfer 
performance of fiber links.  
 
Fig. 1. The comparison of two evaluation methods for RF transfer. Fig.1(a) 
represents the traditional evaluation method in which the local site and the 
remote site must be in the same place; Fig.1(b) represents the evaluation 
method that can evaluate the transfer performance directly at the remote site. 
PD: photodiode, FM: Faraday Mirror. 
As the Fig.2 shows, two RF signals mix with each other to 
derive the stability loss at the remote site. In addition, we also 
use the traditional evaluation method to obtain the stability loss 
of fiber link 1 and 2 respectively. When the stability loss of two 
fiber links is different, the better one will act as the reference. 
And the stability loss measured at the remote site should match 
the worse stability loss of fiber link 1 and 2.  
 
Fig. 2.  The red line shows that the signals are mixed at the remote site and 
utilized to obtain stability loss. The green line shows that the stability loss of 
fiber link 1 is derived with the traditional evaluation method. The blue line 
shows that the stability loss of fiber link 2 is derived with the traditional 
evaluation  method. 
III. EXPERIMENTAL SETUP AND THE RESULTS 
Experiments are carried out over single-mode fiber (SMF) 
links.
located 
at different positions of the same place  The optical frequency 
comb is capable of providing microwave signals at a noise 
below the shot noise of light [16], so in our experiment, we use 
optical frequency comb which is generated from a mode-locked 
laser as RF source. The comb’s repetition frequency is 100 
MHz. The frequency of the first, second, and third harmonic is 
100MHz, 200MHz, 300MHz respectively. In Fig.3, signals are 
transferred over 20-km fiber spools. The coherent frequency 
signals are obtained by extracting the harmonics of the 
repetition frequency of the frequency comb, then utilized as the 
references of two independent frequency transfer system. For 
the first fiber link, phase compensation scheme consists of an 
electrical mixer which mixes the retro-reflected signal with the 
third harmonic, and the output signal is transferred to the 
remote site. In the second fiber link, a phase shifter and a servo 
loop are involved to actively compensate the phase fluctuation. 
The output of an Er-doped mode-locked laser is detected by a 
photodiode (PD) to acquire RF spectrum which consists of a 
group of coherent frequencies. Then band pass filters (BPFs) 
are applied to filter out the harmonics.   
For fiber link 1, the first harmonic signal,  𝑉1,1(𝑡) =
A1,1cos(𝜔𝑡 + 𝜑1)  is transferred to the remote site and 
retro-reflected back to the local site [9]. Here  ω equals the 
baseband frequency and 𝜑1 is the initial phase.  Resulting from 
vibrations and temperature fluctuation in the fiber link, phase 
noise 𝜑𝑝ℎ𝑎𝑠𝑒1 is induced. The round-trip signal        
𝑉1,𝑟𝑒𝑡𝑟𝑜(𝑡) = A1,𝑟𝑒𝑡𝑟𝑜cos [𝜔(𝑡 − 2𝜏1) + 𝜑1 − 2𝜑𝑝ℎ𝑎𝑠𝑒1]  is 
phase-conjugated with the third harmonic  𝑉1,3(𝑡) =
A1,3cos (3ωt + 𝜑1 + 𝜑𝑑) . 𝜏1  represents the one-way time 
delay and 𝜑𝑑  represents the fixed initial phase difference 
between the first harmonic and the third one. The signal 
𝑉1,2(𝑡) after phase conjugation can be expressed 
asA1,2cos [2𝜔(𝑡 + 𝜏1) + 𝜑𝑑 + 2𝜑𝑝ℎ𝑎𝑠𝑒1], which is transferred 
to the remote site. As a result, at the remote site, the signal 
𝑉1,𝑟𝑒𝑚𝑜𝑡𝑒(𝑡) = A1,𝑟𝑒𝑚𝑜𝑡𝑒cos(2𝜔𝑡 + 𝜑𝑑)  is theoretically 
immune to phase noise induced from vibrations and 
temperature fluctuation.  
For fiber link 2, the transferred signal is the first harmonic 
signal𝑉2,1(𝑡) = A2,1cos(𝜔𝑡 + 𝜑1). After a phase shifter, the 
signal is changed into 𝑉2,𝑐(𝑡) = A2,𝑐cos (𝜔𝑡 + 𝜑1 + 𝜑𝑐), where 
an extra phase 𝜑𝑐 is used to actively compensate the phase 
fluctuation [17]. The signal at the remote site 𝑉2,4(𝑡) =
A2,4cos [𝜔(𝑡 − 𝜏2) + 𝜑1 + 𝜑𝑐 − 𝜑𝑝ℎ𝑎𝑠𝑒2] is divided into two 
parts.  𝜑𝑝ℎ𝑎𝑠𝑒2  represents the phase fluctuation and τ2 
represents one-way time delay over fiber link 2. The major part 
is sent back for actively compensating the phase fluctuation. 
The round-trip signal can be expressed as   𝑉2,𝑟𝑒𝑡𝑟𝑜(𝑡) =
A2,𝑟𝑒𝑡𝑟𝑜 cos[𝜔(𝑡 − 2𝜏2) + 𝜑1 + 𝜑𝑐 − 2𝜑𝑝ℎ𝑎𝑠𝑒2]. It mixes with 
the phase-shifted signal 𝑉2,𝑐(𝑡) , and the output signal, 
processed by a band pass filter, is 𝑉2,2(𝑡) = A2,2cos[2𝜔(𝑡 −
𝜏2) + 2𝜑1 + 2𝜑𝑐 − 2𝜑𝑝ℎ𝑎𝑠𝑒2] . The error signal 𝑉2,𝑒𝑟𝑟(𝑡) =
A2,𝑒𝑟𝑟cos[2𝜑𝑐 − 2𝜑𝑝ℎ𝑎𝑠𝑒2 − 2𝜔𝜏2]  is acquired by mixing 
𝑉2,2(𝑡) with 𝑉2,3(𝑡). It is used to control the phase shifter to 
suppress the phase fluctuation by keeping 𝜑𝑐 − 𝜑𝑝ℎ𝑎𝑠𝑒2 
constant. As a result, the signal 𝑉2,4(𝑡) = A2,4cos[𝜔(𝑡 − 𝜏2) +
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𝜑1] is also immune to phase noise. In order to evaluate the 
relative stability loss, the frequency of  𝑉2,4(𝑡)  is doubled 
to 𝑉2,𝑟𝑒𝑚𝑜𝑡𝑒(𝑡). 
 
Fig. 3.  The schematic of the experiment over 20 km fiber links. BPF: band pass 
filter, LPF: low pass filter, DBF: distribute feedback laser, AMP: amplifier, OC: 
optical circulator, PD: photodiode, FM: Faraday mirror, SMF: single mode 
fiber 
 
Adopting the method illustrated in Fig.1 (b), we mix 
𝑉1,𝑟𝑒𝑚𝑜𝑡𝑒(𝑡)  with  𝑉2,𝑟𝑒𝑚𝑜𝑡𝑒(𝑡) at the remote site to evaluate 
the relative transfer performance of fiber links. A mixer 
multiplies the input signals and the component of high 
frequency can be easily removed with a low pass filter. The 
phase difference of the two signals is detected in term of 
voltage fluctuation and recorded by a high resolution voltage 
acquisition instrument (Agilent 34401A). Meanwhile, we 
derive the stability loss of two fiber links respectively using the 
traditional evaluation method and the noise floor. We use 
different compensation modules over two fiber links in our 
experiment to completely ensure the system noises are different, 
because the same system noises might be inter-neutralized 
during the phase comparison progress to influence the accuracy 
of the evaluation. 
The transfer performances are expressed by Overlapping 
Allan Deviation illustrated in Fig.4. The relative stability loss 
we measure directly at the remote site is 8 × 10−14 at 1 s, 2.5 ×
10−15at 100 s and 6 × 10−16 at 1000 s. In order to assess the 
rationality of our method, stability loss of both fiber links is 
measured with the traditional evaluation method respectively. 
The stability loss of fiber link 1 is 8 × 10−14 at 1s, 2.2 × 10−15 
at 100 s and 5 × 10−16 at 1000 s, while the stability loss of 
fiber link 2 is 5 × 10−14 at 1s, 1.5 × 10−15 at 100 s and 2 ×
10−16at 1000 s. It shows the compensation schemes is effective 
compared with free running performance. The residual 
frequency instability is 2 × 10−13 at 1 s, 3 × 10−15 at 1000 s 
and 4 × 10−15at 4000s for the free running system. In addition, 
noise floor of the system shown as the black curve is 4.8 ×
10−14 at 1s, 9 × 10−17at 1000s and 3 × 10−17at 4000s. 
 
Fig. 4.  Frequency stability loss measurements over 20 km fiber links. The 
curve (a) shows the stability loss for the free running system; The curve (b) 
shows relative stability loss which is measured directly at the remote site; The 
curve (c) and curve (d) show the stability loss of fiber link 1 and 2 which are 
measured respectively with the traditional method; The curve (e) shows the 
phase noise floor of the system.  
 
Besides, we do the experiment where the round-trip distance 
of fiber is 100 km. We use EDFA to amplify the optical power, 
because the round-trip distance is about 100km and the power 
is very weak. The schematic of the experiment is illustrated in 
Fig.5. 
 
Fig. 5.  The schematic of the experiment where round-trip distance is 100km. 
BPF: band pass filter, LPF: low pass filter, DBF: distribute feedback laser, 
AMP: amplifier, OC: optical circulator, PD: photodiode, FM: Faraday mirror, 
SMF: single mode fiber, EDFA: Erbium Doped Fiber Amplifier. 
 
The transfer performances are illustrated in Fig.6. The 
relative stability loss we measure directly at the remote site is 
3 × 10−13 at 1 s, 2.5 × 10−14at 100 s and 6.7 × 10−15 at 1000 
s. The stability loss of fiber link 1 is 2.9 × 10−13 at 1s, 2.5 ×
10−14 at 100 s and6.2 × 10−15 at 1000 s, while the stability 
loss of fiber link 2 is 9.5 × 10−14 at 1s, 2.5 × 10−15 at 100 s 
and 4.8× 10−16at 1000 s. It shows the compensation scheme is 
effective compared with free running performance. Besides, the 
residual frequency instability is7 × 10−13 at 1 s, 1.3 × 10−14 
at 1000 s and 1.7 × 10−14at 4000s for the free running system.  
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Fig. 6   Frequency stability loss measurements for the round-trip link, 100km. 
The curve (a) shows the stability loss for the free running system; The curve (b) 
shows relative stability loss which is measured directly at the remote site; The 
curve (c) and curve (d) show the stability loss of fiber link 1 and 2 which are 
measured respectively with the traditional method; The curve (e) shows the 
phase noise floor of the system.  
IV. CONCLUSION 
According to the discussion above, if two signals mix with 
each other at the remote site, the Allan deviation we derive 
indicates an upper limit for the residual instability of the 
disseminated frequency signal, which can be used to evaluate 
the relative transfer performance of fiber links. When the 
stability loss of two fiber links is different, the better one will 
act as the reference in fact. In the experiment above, the signal 
transferred by fiber link 2 serves as the reference, and the 
relative stability loss derived directly at the remote site will be 
more close to that of fiber link 1. In fact, the stability loss 
measured at the remote site shares almost the same curve with 
the stability loss of fiber link 1. The result confirms the 
previous analysis. Hence, we can draw a conclusion: it is 
reasonable to use the relative stability loss of two independent 
fiber links to evaluate the RF transfer performance directly at 
the remote site. Our method removes the backward transfer 
time delay and can be used to control the data transmission in 
real time. It will reduce the needless consumption of 
transportation network resource, computing power and storage 
space in antenna array systems such as SKA. With our method, 
we can measure the relative stability for the RF signal transfer 
between the processing center and the remote antennas and 
evaluate the transfer performance directly at the antenna array 
side. 
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